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ABSTRACT 

The impact of environment on AGN activity up to z ~ 1 is assessed by utilizing a mass-selected 
sample of galaxies from the 10k catalog of the zCOSMOS spectroscopic redshift survey. We identify 
147 AGN by their X-ray emission as detected by VMM-Newton from a parent sample of 7234 galaxies. 
We measure the fraction of galaxies with stellar mass M* > 2.5 x 10 10 M that host an AGN as a 
function of local overdensity using the 5th, 10th and 20th nearest neighbors that cover a range of 
physical scales (~ 1 — 4 Mpc). Overall, we find that ACNs prefer to reside in environments equivalent 
to massive galaxies with substantial levels of star formation. Specifically, AGNs with host masses 
between 0.25 - 1 x 10 11 M Q span the full range of environments (i.e., field-to-group) exhibited by 
galaxies of the same mass and rest-frame color or specific star formation rate. Host galaxies having 
M* > 10 11 M clearly illustrate the association with star formation since they are predominantly bluer 
than the underlying galaxy population and exhibit a preference for lower density regions analogous to 
SDSS studies of narrow-line AGN. To probe the environment on smaller physical scales, we determine 
the fraction of galaxies (M* > 2.5 x 10 10 M©) hosting AGNs inside optically-selected groups, and find 
no significant difference with field galaxies. We interpret our results as evidence that AGN activity 
requires a sufficient fuel supply; the probability of a massive galaxy to have retained some sufficient 
amount of gas, as evidence by its ongoing star formation, is higher in underdense regions where 
disruptive processes (i.e., galaxy harrassment, tidal stripping) are lessened. 
Subject headings: quasars: general, galaxies: active, X-rays: galaxies 
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The local environment of galaxies harboring Active 
Galactic Nuclei (AGN) and QSOs has long been thought 
to play a potential role in triggering mass accretion onto 
Supermassive Black Holes (SMBHs). With many of the 
properties of galaxies (e.g., morphology, color, star for- 
mation rate) clearly dependent on environment (e.g., 
Kauffmann et alJl2004t iBaldrv et alJl2006t ICooper et all 
2006; ICucciati et al.ll2009f ) and the possibility of a com- 
mon history of mass assembly for SMBHs and their 
host bulges Ce g..lGranato et alJl2004b iBower et~aLl l2006h 
iHopkins et~aTTl200a ISomerville et al.ll2008f ). weexpect 
that AGNs may prefer to reside in specific environments 
most nuturing for their growth. Identifying environmen- 
tal factors might allow us to determine the physical mech- 
anism^) responsible for driving accretion such as major 
mergers of galaxies that has been demonstrated through 
numerical simulations to be able to remove angular mo- 
mentum from rotationally-supporte d gas thus transfering 
mass to the nuclear regions (e .g. I Barnes fc Hernquist I 
119961 : iMihos fc Hernqui st 1996). For example, there 
is evidence that AGNs reside in dar k matter ha- 
los w i th masses Mh a i o ~ 1 12 ~ 13 M^ dPorciani et all 
12004 iHopkins et all 120071: fMandelbaum et all 1200a 



iPasquali et al.ll2008l : Bonoli et al.ll2008h . a mass regime 
comparable to the group-scale environments thought to 
be fertile ground for galaxies to coalesce. As well, 
high density regions such as massive clusters of galax- 
ies arc expected to be inhospital environments for AGN 
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(|Dressler et al.l 119851 ) given the strong empirical as- 
sociation between AGN activity and concurrent star 
form a tion (e.g., iKauffmann et all 120031 : iJahnke et al.l 
[2001 iSilverman et al.l 12009ft althoug h counterevidence 
exists for the ra dio-loud population ([Hill fc Lilly! 1 1 9 9 Tl : 
iBest et al.ll200l . 

Environmental studies to date have presented seem- 
ingly disparate results most likely due to varying selec- 
tion methods and physical scales used to characterize 
environment. Us ing a large s a mple of narrow- line AGN 
from the SDSS, iMiller et alj ([2003D find that there is 
no environmental dependence on AGN activity using a 
magnitude-limited sample of galaxies and meaning envi- 
ronment on scales of around a few me g apars ecs. Upon 
further investigation, Kauffmann et al. (2004) find that 
an environmental dependence, similar to star formation, 
emerges when implementing a selection based on stel- 
lar mass and considering t he luminos i ty of the AGN. 
Supportive of this scenario, ICoil et all ([2007T ) find that 
quasars in the DEEP2 survey fields have environments 
similar to blue galaxies. On the other hand, luminous 
quasars from the SDSS have an overabundance of galax- 
ies within their v icinity on smaller scales (< 0.1 Mpc; 
ISerber et all [20061 that is in a greement with cluste ring 
analysis based on quasar pairs (|Hennawi et al.|[2006l ) but 
may still have significant bi ases in the employed methods 
(Padmanabhan et al. 2008). Furthermore, the enhance- 
ment in star formation attributed to galaxy mergers on 
scales of 0.01-0 .1 kpc is not reflected in AGN accretion 
(|Li et al.ll2008l ) for which the authors conclude may be 
due to varying timesc ales with star formatio n preceed- 
ing AGN activity (e.g.. lSchawinski et al.l l2007l occurring 
within a more relaxed host galaxy. 

X-ray selected surveys with both Chandra and XMM- 
Newton now enable the study of the environment of 
AGNs including the obscured population at higher red- 
shifts (z > 0.3) where optical selecti on of narrow-line 
AGN is difficult. iGrogin et all (|2005h first looked into 
the environments of X-ray selected sources detected in 
the Chandra Deep Fields and found that the near- 
neighbor counts were identical to the galaxies without 
AGN. This led the authors to conclude that mergers 
were not the physical mechanism triggering mass accre- 
tion especially since the AGN host galaxies were no more 
asymmetri c than the average galaxy of equivalent lumi- 
nosity (see lGabor e t al. 2008, for a m orphological study 
of AG N hosts in COSMOS). While iGeorgakakis et al.l 
(2007) claim based on a large spectroscopic sample of 
galaxies from DEEP 2 that X-ray selected AGN at z ~ 1 
prefer higher density environments, their results are con- 
sistent with those of galaxies having similar host prop- 
erties (i.e., absolute magnitud e, rest-frame color). F rom 
a complementary perspective, iMartini et alj (|2007f ) has 
measured the AGN content of galaxy clusters and found 
no significant difference with the fraction of field galaxies 
hosting AGN. Recently. iGilli et all (|2008fl find clustering 
lengths of AGN in the COSMOS field comparable to mas- 
sive galaxies and conclude that the clustering signal is 
reflective of SMBHs preferring to reside in galaxies with 
M* > 3 x 10 10 Mq. To date, an environmental analysis of 
X-ray selected AGN based on both a large spectroscopic 
survey of galaxies and careful consideration of selection 
to disentangle the degeneracy betw een mass and envi- 
ronment seen in galaxy studies (e.g.. iBaldrv et aDl2006l : 



Ivan der Weill2008t ICucciati et aill2009D has not yet been 
attempted. 

Here, we utilize the rich multiwavelengt h observations 
of the COSMOS field ([Scoville et al.l[200% to determine 
the role of environment in triggering AGN at 0.1 < 
z < 1.0. The COSMOS survey is roughly a 2 square 
degree region of the sky selected to have full coverage 
with all major observatories both from the ground (i.e., 
Subaru, VLT) and space (e.g., HST Syitzer, XMM- 
New ton). The zCOSMOS survey ([Lilly et al.l [20071 . 
2009) targets objects for optical spectroscopy with the 
VLT in two separate observing programs. A 'bright' 
sample {iacs < 22.5) is observed with a red grism to 
provide a wavelength coverage of 5500 - 9500 A ideal 
to identify galaxies (L*) up to z ~ 1.2. A deeper pro- 
gram, not utilized in the present study, targets faint 
galaxies (B < 25), selected to be in the redshift range 
1-5 ^ z < 2.5 using a blue grism for an effective wave- 
length coverage of 3600 < A < 6700 A. For the present 
study, we select galaxies based on reliable spectroscopic 
rcdshifts from the zCOSMOS 'bright' program and their 
stellar mass estimates based on broad-band photome- 
try. Those that host AGN are identified by their X-ray 
emiss i on as detected by XMM-New ton (Hasinge r et al.l 
I2007t ICappelluti et~all I2007L [2001) . We use the near- 
est neigbor approach to determine the projected local 
galaxy density using the thre e-dimensional galaxy dis- 
tribution as fully described in iKovac et alj (|2009a[ ). In 
add ition, the zCOSMO S optically-selected group cata- 
log ([Knobel et al.l[200 9) offers a complementary perspec- 
tive on the role of environment. The low optical lumi- 
nosity and obscured AGN further enable us to deter- 
mine if the host galaxies of AGN exhibit a trend simi- 
lar to the color-density or SFR-density relations found 
for non-active galaxies . Finally, we refer the reader to 
ISilverman et al.1 (|2009f ) that presents the properties (i.e., 
stellar mass, SFR, rest-frame color) of the hosts of X-ray 
selected AGN in the COSMOS field. 

Throughout this work, we assume Hq = 70 km s -1 
Mpc -1 , f^A = 0.75, f^M = 0.25 and use AB magnitudes. 

2. DATA AND DERIVED PROPERTIES 

2.1. Parent galaxy sample 

In order to compare the environments of AGN hosts 
with those of normal galaxies, we use for the latter the 
well-defined "parent sample" of galaxies up to z ~ 1 
from the z COSMOS 10k spectros copic 'bright' catalog, 
as done in ISilverman et all ([2009D . Specifically, we se- 
lect 7234 galaxies with an apparent magnitude iacs < 
22.5, and a redshift 0.1 < z < 1.0 having a spectro- 
scop ic redshift qualit y flag greater than or equal to 2.0 
(see iLillv et all l2007f) that amounts to a confidence of 
~ 99% for the overall sample. The spatial sampling 
as shown in Figure [1] is fairly uniform across the cen- 
tral one square degree while the completed zCOSMOS 
20k catalog will fill in the gaps mainly located along the 
perimeter of the COSMOS field. Further details on the 
spatial sampling and q uality assurance can be found in 
ILillv et all (|2007l I2009D as well as a complete description 
of target assignments, data acquisition and the subse- 
quent reduction procedure based on the VIMOS Inter- 
active Pipeline and G raphical Interface package (VIPGI; 
IScodeggio et al.ll2005l ). 
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Fig. 1 — Spatial distribution of 7234 zCOSMOS galaxies (small 
black dots) with i acs < 22.5 and 0.1 < z < 1.0. Those identified as 
AGN based on XMM-Newton detections (147; Lo.5-10 kcV > 10 42 
erg s — 1 ) are highlighted with a larger white circle. The underlying 
grey scale image is the exposure map of the XMM-Newton mosaic 
(north is up and east is to the left). A scale bar (20' in length) 
ranges from 1 X 10~ 15 — 1 X 10~ 14 erg cm -2 s~ 1 . 



Stellar masses, including rest-frame absolute magni- 
tudes (Mjj, My) in the AB system, are derived from 
fitting st ellar population sy n thesis models from the li- 
brary of iBruzual & Charlotl (|2003f) to both the broad- 
b and optical (CFHT : u, i, K s ; Subaru: B, V, g, r, i, 
z: ICapak et al.ll2007f) and near -infrared (Spitzer /IRAC: 
3.6/x. 4.5/x: ISanders et al.ll2007f ) photometry using a chi- 
square minimization for each galaxy. The measurement 
of stellar mass (M») includes (1) the assumption of a 
Chabrier initial mass function 19 , (2) a star formation his- 
tory with both a constant rate and an additional expo- 
nentially declining component covering a range of time 
scales (0. 1 < r < 30 Gy r ), (3| extinction (0 < A v < 3) 
following ICalzetti et alJ (|2000l ). and (4) solar metallici- 
ties. In Figure [2^, we show the distribution of stellar- 
mass versus redshift for our sample. Further details 
on mass measurements o f zCO S MOS galaxies c an be 
fou nd in iBolzonella et ap <|2009D . IMeneux et all (|2009l ) 
and lPozzetti et al.l (|2009l l 

To minimize any selection biases, we determine a min- 
imum mass threshold that all galaxies must satisfy. The 
mass limit is set to ensure a fairly complete representa- 
tion of both blue and red ga laxies at all redshifts con- 
sidered. IMeneux et al.l (|2009f ) estimate based on a series 
of mock catalogs from the Millennium simulation that 
the zCOSMOS 'Bright sample' is essentially complete 
for galaxies with log M* w 10.6 at z = 0.8 while the 
completeness drops to ~ 50% at z = 1. We impose a 

19 M asses are not corrected to those based on a Salpeter IMF as 
done in Silverman et al. (2009). 



slightly lower mass limit of log M* > 10.4 (units of M Q ) 
to provide a fair representation of galaxies covering the 
full range of rest-frame color U ~ V up to z ~ 1 and 
ensure an adequate sample that host AGN (see below). 
In Figure [2Jd, it is evident that this mass limit is essen- 
tially imposed by the red galaxy population due to the 
initial selection on apparent magnitude. Above this mass 
limit, we have a sample of 2457 galaxies, over the red- 
shift range 0.1 < z < 1.0 (Table [T| Sample A), suitable 
for subsequent analysis. 

Further spectroscopic measurements such as emission 
and absorption line strengths, and continuum indices 
are perfor med through an autom ated pipeline ("plate- 
fit_vimos" ; lLamareille et al.| I2008D similar to th at per- 
formed with the SPSS ( |Tremonti et al.l I2004D . For 
the present study we specifically use the [OIIJA3727 
emission-line luminosity, corrected for slit loss and an 
AGN contribution if present, to determine the mass- 
weighted (specific) star for mation rate (sSFR) usin g the 
empirical relation given in iMoustakas et all (|2006fl thus 
allowing us to investigate the environmental dependence 
of star fo rmation for galaxie s hos ting AGN. We refer the 
reader to lMaier et aTT(|2009l ) and lSilverman et alJ (|2009f l 
for a more details regarding spectral measurements of 
zCOSMOS galaxies and the removal of AGN emission 
based on the observed or inferred [OIIIJA5007 line flux. 

2.2. AGN identification 

The XMM-obser vations of the COSMOS field 
(jHasinger et al.ll2007f ) enable us to identify those galax- 
ies from the aforementioned zCOSMOS parent sample 
of mass-selected galaxies that harbor AGN. Briefly, a 
zCOSMOS galaxy has asso ciated X-ray emis sion if a 
maximum likelihood routine (jBrusa et al.ll2007r ) provides 
a clear association to an X-ray detection in either the 
soft-band (/0.5-2 kcV > 5 x 10~ 16 erg cm -2 s _1 ) or hard- 
band (/2-10 keV > 2 x 10 -15 erg cm~ 2 s _1 ) catalogs 
(jCappelluti et al.ll2008h . Out of 7234 galaxies, we iden- 
tify 153 as having significant X-ray emission. We note 
that the frequency of X-ray sources with optical spec- 
tra is higher than would be seen in the general popula- 
tion because a subset of these sources were designated 
as 'compulsory' during the design of VIMOS masks and 
therefore observed at about twice the sampling rate of 
the random targets. This "bias" does not depend on 
any other property of the galaxy. We account for this 
when necessary such as measuring the fraction of galaxies 
hos ting AGN. We re f er the reader to iBrusa et all (|2007l ) 
and lSilverman et ail (|2009f ) for more explicite details re- 
garding X-ray detection, optical source matching and fol- 
lowup spectroscopy. 

Our criteria for determining whether X-ray emission is 
due to an AGN is based on its point-like spatial extent 
and whether the luminosity is above 10 42 erg s _1 in cither 
X-ray energy band. Most X-ray sources in our sample 
have lu minosities above this th reshold as evident in Fig- 
ure 1 of lSilverman et all (|2009f ) that shows the equivalent 
data set. Therefore, we attribute 147 of the 153 galax- 
ies with X-ray emission to be the result of an AGN and 
mark their spatial distribution in Figure [TJ Our X-ray 
selected AGNs mainly have 42 < log Lx < 44 with a few 
being more luminous (i.e., QSOs). Since the majority of 
these AGN are optically under luminous, we can investi- 
gate if the properties of their host galaxies (i.e., mass, 
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TABLE 1 

Sample statistics-density field analysis 



Sample 


Mass a 


Redshift 


# Galaxies 


# AGN 


Use 




range 


range 




(-^0.5-10 kcv) 




All 




O.K z < 1.0 


7234 


147 (> 42) 


Total sample 


A 


> 10.4 


O.K z < 1.0 


2457 


63 (42.48 - 43.7); 88 (> 42.48) 


AGN fraction 


B 


10.4 - 11 


O.K z < 1.0 


1971 


48 (42.48 - 43.7) 


AGN fraction 


C 


> 11 


O.K z < 1.0 


486 


14 (42.48 - 43.7); 20 (> 42.48) 


AGN fraction 


D 


> 10.2 


0.1 < z < 0.8 


2482 


77 (42-43.7) 


Color-density relation 



units of log Mq 



CP 

o 



> 



1 .5 

1 .0 

0.5 
0.0 
.5 
9.0 




0.2 



0.4 0.6 
Redshift 



0.8 



2.5 



2.0 



E 

S. 1 .5 



1 .0 



0.5 



0.0 



(b) 



9.0 9.5 10.0 10.5 11.0 11.5 
log M, 

Fig. 2.— (a) Stellar mass versus redshift for 7234 zCOSMOS 
galaxies (0.1 < z < 1.0, small grey circles). (b) Rest-frame 
color U — V versus stellar mass. The mass limits for two sam- 
ples are highlighted in both panels: log M* > 10.4 (solid line) and 
log M» > 11 (dashed line). Galaxies hosting X-ray selected AGN 
(147) are marked by a larger black symbol with respect to their 
X-ray luminosity (circles: 42 < log Lo.5-10 keV < 43.7; triangles: 
log Lq.5-10 kcV > 43.7) in both panels. 



rest-frame color, SFR) depend on environment without 
too much concern for AGN contamination especially for 
those with log Lo.5-10 koV < 43. 7. This upper l i mit is 
based on an empirical relation ((Silverman et alJ l2005h 
where optical emission, associated with X-ray selected 
AGN at log vl v < 43.3 at E = 2 keV is primarily due to 
their host galaxy since there is a strong departure from 
the known ^ opt — lx relation for more luminous AGN. 
We convert this monochromatic luminosity to a value of 
10 43 ' 7 erg s _1 in the broad band (0.5-10.0 keV) assuming 
a power-law spectrum with photon index T — 1.9. The 
lack of bro ad emission lines for m ost of our sample (see 
Fig. 1 of ISilverman et al.ll2009[ ) within this restricted 
luminosity range also lends support that these objects 
are dominated in the optical by their host galaxy. Here, 
we further highlight in Figure [2] the galaxies that harbor 
X-ray selected AGN with respect to the stellar mass 20 
and rest-frame color. We note that the overdensity of 
AGNs at z ~ 0.7 (Fig. [2b) is indicative of an underlying 
number density of galaxies and not an enhancement of 
AGN activity in large-scale structures ([Silverman et al.l 
2008a) although a full assessment of such effects will be 
explored in a future study having improved statistics. 

We remark that a significant sample of additional AGN 
have been spectroscopically-identifi ed through the Ma; 
ellan/IMACS observing program (|Trump et alJ 1200 
that can effectively improve upon the sample. For the 
current quantitative analysis, we choose to use only 
zCOSMOS identifications in order to maintain a high 
degree of uniformity and well-defined relation to a par- 
ent sample of galaxies. We will explore the feasibility of 
incorporating such samples in a future investigation. 

2.3. zCOSMOS galaxy density field 

A major aim of the zCOSMOS survey is to reconstruct 
the three-dimensional density field using the 'bright' 
sample to characterize the environment up to z ~ 1 
and discern its impact on galaxy evolution. Here, we 
briefly outline the m ethodology and refer the reader to 
iKovac et~a l. ( 2009aj) for full details regarding the galaxy 
density estimates in the zCOSMOS field. The proce- 
dure is based on the algorithm 'Zurich Adaptive Den- 
sity Estimator' (ZADE; Kovac et al. in preparation) 
that utilizes spectroscopic (10k) and photometric red- 
shifts (30k) for accurate distances to practically all galax- 



20 It is worth mentioning, as done in [Silverman et al. (2009), 
that there may be a potential problem that galaxies with even 
moderate-luminosity AGN may have inaccurate mass estimates; a 
bluer continuum will essentially reduce the stellar age and hence 
lower the mass measurements since the derived mass-to-light ratio 
depends strongly on the spectrum. 
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Fig. 3. — Three-dimensional distribution of AGN with respect to the zCOSMOS overdensity distribution. Each panel shows a different 
redshift interval as labelled. X-ray selected AGN, identified by both the zCOSMOS and Magellan/IMACS IITrump et al.H2007l) programs 
in the COSMOS field, are marked in red. 



ies with %acs < 22.5. For galaxies without spectroscopic 
redshifts, their photometric redshift likelihood functions 
are adjusted using galaxies in the spectroscopic catalog 
that are closely along the line-of-sight and within the 
effective aperture. This procedure effectively accounts 
for the incomplete sampling (~ 30%) of the current 10k 
catalog thus improving density estimates throughout the 
zCOSMOS volume. We use density estimates based on 
a flux-limited catalog and adaptive apertures (based on 
nearest neighbors) in order to maintain a reasonable sam- 
ple of AGNs over the full redshift range (0.1 < z < 1.0) 
at the expense of having a redshift dependen t smooth- 
ing scale (see Figure 6 of lKovacet aT1l2009al ). To min- 
imize redshift-space distortions induced by the intrinsic 
velocity dispersion of groups and clusters, a projection of 
±1000 km s" 1 in redshift space is implemented. Finally, 
we express the quantitative measure of the environment 
as an overdensity (<5; where 1 + 6 = p <p{z)>~ 1 ) at 
the position of each galaxy relative to the mean den- 
sity (<p(z)>) at a given redshift. Error estimates are 
obtained by comparison with reconstructed qverd ensi- 
ties from mock catalogs ()Kitzbichler fc White! |2007|) ex- 
tract ed from the Millenium simulation (|Springel et al.l 
2005) and tailored to match the current zCOSMOS sam- 
ple. Typical errors on log (l+S) are between 0.1-0.15 over 
a wide range of overdensity (see Figure 4 of iKovac et al.l 
12009a!) . 

It is important to consider if any difference in spatial 



sampling exists between the AGN and randomly-selected 
galaxies. Such an effect may be inherently induced by the 
VIMOS automated slit assignment software when desig- 
nating sources as 'Compulsory', as done for a subset of 
the X-ray sources. We do find that the number of ran- 
domly observed galaxies in the vicinity of 'compulsory' 
targets is lower than that of the random sample. This is 
slightly noticeable in Figure [1] where the surface density 
of AGNs is not as concentrated towards the center of the 
field as the galaxies. This effect is both small and com- 
pensated by the 'ZADE' approach thus we do not expect 
any significant bias in our density estimates. 

In Figure [H we show the zCOSMOS density field 
in comoving coordinates with the location of galaxies 
and those hosting AGN as marked. For display pur- 
poses, the overdensity distribution, estimated on a grid 
(Aa = AS=l arcmin, Az = 0.002) has been interpolated 
to a co- moving scale of 1.4 Mpc. It is clearly evident that 
the COSMOS field encompasses a wide range of environ- 
ments from voids to dense structures. The survey area 
(~ 2 deg 2 ; ~ 80 comoving Mpc at z ~ 1) is still narrow 
enough that sheets, filaments and walls appear to cut 
across the field. 

2.4. zCOSMOS galaxy groups 

A galaxy group catalog (|Knobel et al.lf2009h has been 
generated using the 10k 'bright' catalog t o determine 
the role of environment in galaxy evolution (|Kovac et al.l 
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2009bl Ifovino et al"1l2009h . This approach is complemen- 
tary to that based on the density field due to its ability 
to probe smaller physical scales. Two group finding al- 
gorithms (friends-of- friends, Voronoi-Delaunay-Method) 
are employed to minimize effects such as group frag- 
mentation, over-merging, spurious detections or missed 
groups. Extensive testing on the aforementioned mock 
catalogs is done for optimization of the algorithmns. For 
each group, its properties (velocity dispersion, dynamical 
mass, corrected richness) are determined with a level of 
uncertainty ~ 20% due to the small number of observed 
group members (~ 2 — 12) reflective of the bright magni- 
tude limit of the survey. A final catalog of 800 groups is 
constructed with at least two members using the friends- 
of-friends technique well-tuned using the methods em- 
ployed above. The completeness (i.e, detected group 
members relative to actual member s) has been assessed 
to be - 70 - 90% (see Fig. 8 of iKnobel et all l2009h 
and fairly constant with respect to the number of group 
members. The number of interlopers is estimated to be 
~ 20%. The redshift distribution of the final group cat- 
alog is very similar to the overall redshift distribution 
of zCOSMOS galaxies with two prominent features at 
z ~ 0.3 and z ~ 0.7. The masses spa n an interval 
~ 10 12 - 10 14 Mq (see Figures 13 and 15 of IKnobel etldl 
2009), a regime below that of local, massive (> 10 14 Mq) 
clusters. 

3. LARGE-SCALE ENVIRONMENTS OF AGN 

We present in Figure [4] the distribution of zCOSMOS 
galaxies and those hosting X-ray selected AGN (Table HJ 
sample A) as a function of their environment (i.e., over- 
density). The results are shown using the distance to 
the nth nearest neighbor (5th, 10th and 20th) separately 
that probe a range of comoving scales (~l-4 Mpc). In 
all panels (Fig. [4] a-c), we generally see that AGN re- 
side in a broad range of environments (e.g., panel a; < 
log 1 + S < 1.5) remarkably similar to the parent galaxy 
population of equivalent stellar mass (log M* > 10.4) as 
sustantiated by the low probability (< 20% in each case), 
based on a K-S test, that we can reject the null hypothe- 
sis (i.e., two distributions are drawn from the same popu- 
lation). To avoid any possible luminosity-dependent sys- 
tematics, we perform additional K-S tests in fine redshift 
bins (Az=0.1) over the redshift range 0.3 < z < 0.8; the 
probability (P=0.25, 0.49, 0.54, 0.39, and 0.03) that the 
two distributions (overdensities based on the 5th nearest 
neighbor) are different conclusively support this finding. 

To further investigate if any environment influences are 
present, we measure the fraction of galaxies that host 
AGN as a function of over density. We fo l low th e tech- 
nique discussed in § 3.1 of iLehmer et al.l <|2007l ) to de- 
termine the AGN fraction for our parent population of 
galaxies. This method properly accounts for the spatially 
varying sensitivity limits of the XMM observations of the 
COSMOS field (Figured]). The n ecessity of this approach 
is demonstrated in Figure 1 of ISilverman et alj (|2009h 
that shows the limiting X-ray luminosity as a function of 
redshift for the entire galaxy sample and the measured 
X-ray luminosities of those galaxies harboring AGN. The 
sensitivity of the XMM coverage is remarkably uniform 
as shown by the relatively narrow distribution of the X- 
ray limits at each redshift. To properly account for the 
luminosity-redshift relation, we determine the contribu- 



tion of each AGN separately to the total fraction. The 
AGN fraction (/; see equation Q] below) is determined by 
summing over the full sample of AGN (N) with iVga^i 
representing the number of galaxies in which we could 
have detected an AGN with X-ray luminosity L^- The 
sampling rate of the random galaxies (S ga i, 29.8%) and 
AGN (i.e., X-ray sources, S x ; 71.9%) are incorporated 
since these differ due to the fact that 54% of the X-ray 
sources are designated as 'Compulsory targets' when de- 
signing masks for VIMOS. We estimate the associated 
la error (equation [2]) using binomial statistics where 
Nagl ^ s the number of AGN that would be detected if 
all galaxies have the same limiting X-ray sensitivity and 
the sample of AGN was randomly selected. Here, we 
only consider AGN with 42.48 < log io.5-iokcV < 43.7. 
The lower limit ensures that we have a statistically sig- 
nificant sample of parent galaxies (> 700) that could 
host each AGN while the upper limit restricts the sam- 
ple to low-to-moderate luminosities thus securing the ac- 
cu racy of their host-galax y masses. We refer the reader 
to ISilverman et ail (|2008a| ) for further details and results 
employing this method. 

f = y l/Sx (i) 

° 2 = K f J >< Wgal ~ KU)/ N Sal (2) 

In FigureSJi— c, we give the results of this exercise with 
the fraction of galaxies hosting AGN as measured in three 
bins of overdensity with widths set to have equal num- 
bers of galaxies therein. In agreement with the previous 
analysis, we find that the AGN fraction is not strongly 
enhanced at any particular value of overdensity. The 
AGN fractio n is low (~ 2 — 4%) c ompared to similar 
studies (e.g.. iKauffmann et al.ll2004h and due to our se- 
lection in a narrow range of X-ray luminosity. We finally 
remark that an underlying dependence on environment 
for a subset of our sample is realized as demonstrated 
in the next section and possibly seen here by the slight 
trend in the AGN fraction (Figure 2f) — c) . 

We further test whether an environmental influence is 
present for AGN of a specific X-ray luminosity or hard- 
ness ratio. The hardness ratio (HR) is a means of easily 
characterizing the X-ray spectrum (i.e., level of absorp- 
tion) by measuring the ratio of X-ray counts in the hard 
band (H; 2.0-10 keV) relative to the soft band (S; 0.5-10 
keV): HR= (H-S) / (H+S). We plot in Figure [5] local 
overdensity versus X-ray luminosity while highlighting 
hard (HR > —0.2) sources. We find that there is no cor- 
relation between galaxy environment and the intrinsic 
AGN emissivity or any absorbing material. 

3.1. High mass galaxies 

We investigate whether there exists a relation between 
AGN activity and environment for galaxies of a spe- 
cific stellar mass. Our motivation is based on the mass- 
dep endent environmental re lationship seen in SDSS stud- 
ies (jKauffmann et ai]|2004[ ). In contrast to our analysis 
in the previous section, we include more X-ray luminous 
AGN (log Lo.5-10 keV > 42.48) that have optical spectra 
dominated by their host galaxy as determined by visual 
inspection thus slightly improving our statistics for the 
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Fig. 4. — Overdensity distribution of a mass-selected sample of 2457 galaxies (Sample A; log M» > 10.4; 0.1 < z < 1.0; dashed histogram) 
and those that host AGN (63; 42.48 < log Lrj.5— 10.0 keV < 43.7; solid histogram) using the 5th (a), 10th (b) and 20th (c) nearest neighbors. 
In each panel, the underlying parent galaxy population has been scaled to match the number of AGN. The results from a K-S test on the 
observed distributions are given in each panel. The data points are a measure of the fraction of galaxies hosting AGN with ltr errors and 
horizontal bars denoting the bin size. 
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Fig. 5. — Overdensities using the 5th nearest neighbor for galax- 
ies hosting AGN as a function of their X-ray luminosity. Absorbed 
AGN (HR > —0.2) are further marked by an open square. There 
are no environmental influences dependent on the intrinsic proper- 
ties of AGN. 



highest mass galaxies. In Figure O we show plots equiv- 
alant to those presented in the previous section and split 
into two mass bins (panels a — c: 10.4 < log M* < 11; 
panels d — f: log M» > 11) with the statistics given 
in Table Q] (Sample B, C). For the lower mass interval 
(Fig. [Hk-c), we find that the results are consistent with 
our previous findings and the AGN fraction is remark- 
ably similar over the full range of overdensities. On the 
other hand, the overdensity distribution (Fig. [6]i — /) 
of galaxies hosting AGN is dissimilar to the underlying 
massive galaxy population due to the lack of AGNs in 
higher density environments log(l + 5 > 0.5). The differ- 
ence in these distributions is significant at the 2.3-2.5er 
level based on the probabilities (0.99, 0.98) from K-S 



tests using either the 5th or 10th nearest neighbor. We 
note that these results are still apparent when restrict- 
ing the analysis to lower luminosity AGN although at 
a slightly reduced level of significance (2a). Therefore, 
the fraction of galaxies hosting AGN is higher in under- 
dense regions (log(l + 5 < 0.5) since the offset between 
the distributions is substantially greater than typical er- 
rors in overdensity. These results may further explain 
the discrepan cy between the environmental studies base d 
on the SDSS (jMiller et al.|[200l [Kauffmann et al.|[200l . 
We remark that our current sample of massive galaxies 
(log M* > 11) in zCOSMOS with AGN is small (20) and 
will improve with the full zCOSMOS 20k catalog and 
deeper Chandra observations. 

3.2. Dependence on stellar content of AGN hosts 

The result that AGN prefer to reside in lower density 
environments for those having massive host galaxies is 
reminiscent of the well-known color-density relation for 
galaxies in general. To explore this aspect further, we 
plot the distribution of rest-frame color U — V versus 
overdensity in Figure [7] For the following analysis, we 
decrease our mass limit log M* > 10.2 in order to im- 
prove upon the numbers of AGN hosts with blue col- 
ors thus requiring us to reduce the maximum redshift to 
z = 0.8 to not induce a color bias (Table [TJ Sample D). 
In panel a, galaxies exhibit an environmental influence 
with red galaxies (U — V > 1.6) having a prominent ex- 
tension of their overdensity distribution towards higher 
values log(\ + 65 > 1.0). The well-known trend of in- 
creasing density for redder galaxies (i.e. color-density 
relation) is clearly seen in panel b where we measure the 
mean overdensity for galaxies in bins of rest-frame color 
(black points). 

We test whether galaxies hosting AGN exhibit a simi- 
lar color-density relation as described above. AGN hosts 
are marked appropriately in Figure El From their mean 
overdensities (panel b), AGNs appear to follow a similar 
relation to the non-active galaxies although the errors are 
subs tantial with a significan ce of 1.7a in the difference 
(see iGeorgakakis et all 120071 for an equivalent analysis 
and conclusion) . In support of the color-density relation 
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Fig. 6. — Overdensity distribution of galaxies (0.1 < z < 1.0) and those hosting AGN as a function of stellar mass: (Sample B; panels 
a-c) 10.4 < log M* < 11.0, (Sample C; panels d-f) log M* > 11.0. The histograms and data points are the same as given in Fig. [2] The 
results from a K-S test are given in each panel. 



for AGN hosts, we investigate the connection between on- 
going star formation and environment. In Figure [7t, we 
plot the mass- weighted 'specific' SFR (sSFR), a quantity 
based on [OII]A3727 luminosity, versus galaxy overden- 
sity. The mean overdensity in bins of sSFR is calculated 
and shown by the large black dots in panel d. We find a 
similar result and uncertainty as above with the environ- 
ment being related to the stellar content of the hosts of 
AGN. It is worth highlighting that a clear dichotomy is 
present between the importance of both mass and envi- 
ronment i n determining the l ikelihood of a galaxy's prop- 
erties fsee lCucciati et al1l2009l for further analysis based 
on zCOSMOS galaxies). 

Coupled with the results of our companion study 
([Silverman et a l. 2009) , AGN prefer to reside in galaxies 
undergoing star formation irrespective of their environ- 
ment. We illustrate this conclusion in Figure [5] where 
the fraction of galaxies hosting AGN is shown as a func- 
tion of rest-frame color U — V and overdensity. Galaxies 
bluer (U — V < 1.6) than those that have stopped form- 
ing stars (i.e., along the red sequence) have higher levels 
of AGN activity. We further find here that this result 
holds for AGN hosts residing in either lower or higher 
density environments. 

By looking in detail at the most massive galaxies 
(log M» > 11; Fig. [9]), we can further understand the 
relation of AGNs to their environment and the presence 
of star formation. The locus of AGNs in the color-density 
plane (panel a) is offset from that of massive galaxies due 



to their bluer colors and lower overdensities. Clearly, the 
distinction between the overdensity distribution of AGN 
hosts and their parent population is due to the fact that 
AGNs do not reside in red galaxies (panel b) that tend 
to live in denser environments but rather require fuel for 
accretion that tends to drive subsequent star formation. 
Therefore, the environments of AGNs hosts are similar 
to star-forming galaxies (c) . We interpret these results as 
evidence that massive galaxies are more likely to have ac- 
creting SMBHs if not subjected to harsher environments 
that can effectively expel gas, due to processes related to 
galaxy interactions, thus impacting star formation and 
subsequent AGN activity. 

4. AGN CONTENT OF OPTICALLY-SELECTED 
GROUPS 

The presence of A GN within well-defined struc- 
tures i_sj;ich_as_grourjs (Georgak^^ 
ters (iMartini et al.ll2007tlGilli et al.ll2007HKocevski et all 



2008t Lehmer et al.l 20081) . or large-scale sheets /filaments 
(|Gilli et al.ll2003t lSilverman et alJl2008al> as compared to 
the field offer an alternative perspective on the environ- 
mental impact on AGN activi ty. To do so, we uti lize the 
catalog of 800 galaxy groups (jKnobel et al.ll2009l ) as de- 
scribed in Section EH As done in previous analyses, we 
restrict the sample to galaxies with stellar masses above 
2.5 x 10 10 M Q thus resulting in a sample of 2444 galaxies 
with a designation as either a 'field' or 'group' galaxy. In 
Tabled we list the numbers of galaxies in each subclass, 
those that host AGNs (Log Lq.s-io keV > 42.48) and the 
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Fig. 7. — (a) Color-density relation of galaxies (small black circles; Table [T] Sample D) and those with AGN (large red circles). (6) 
Mean overdensity and associated error for color bins marked by the vertical dashed lines. The symbol colors are the same as in panel a. 
The AGN sample is split into two color bins that essentially represents 'blue cloud' and red sequence galaxies with a fixed color division 
(U — V = 1.6). (c) sSFR-density relation (arrows are upper limits) with mean values given in panel d. We find that the host galaxies 
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firmly justify such a conclusion. 
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Fig. 8. — Fraction of galaxies hosting AGN as a function 
of rest-frame color U — V and environment. Data points are 
given for environments above (filled circle) and below (open cir- 
cle) log(l + 65) = 0.6. The color distribution of AGNs in these 
two environmental categories is also shown (solid histogram=high 
density, dashed histogram=lower density). 
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derived AGN fraction as detailed below. 

We simply measure the fraction of galaxies hosting 
AGN for the 'group' and 'field' populations separately 
to test whether any environmental dependency exists. 
Over the full redshift range (0.1 < z < 1.05), we mea- 
sure the fraction to be 3.28 ± 0.43% for field galax- 
ies. For galaxies in groups, we find an AGN fraction 
of 2.59 ± 0.55%, based on two or more spectroscopically- 
identified group members, slightly less than that in the 
field although not statistically significant. To account 
for redshift-dependent effects and spatial sampling in the 



10 



Silverman et al. 



(o) 



•••vvv- •• ■ • 



0.5 1.0 1.5 

log(1+<5 5 ) 



(b) Red galaxies P(K-S)=0.99" 



-1.0 -0.5 0.0 



0.5 1.0 
(ag(1+<y 



(c) Blue galaxies P(K-S) = 0.38 



0.0 0.5 1.0 
log(1+d 5 ) 
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U — V < 1.8) galaxies (dashed histogram) separately with those hosting AGN shown by the solid histogram. The probabilities based on 
K-S tests are shown in the respective panel. 



group catalog, we further isolate groups having an effec- 
tive (i.e., corrected) richness (JV e //) defined as the num- 
ber of galaxies above a given ma gnitude threshold (see 
section 4.2 of iKnobel et al.l 120091 for details) that can 
be detected over the full redshift range considered here. 
This limit is based on the absolute magnitude in the b- 
band {Mb,iim < 20.5 — z) and includes a redshift term 
to account for the luminosity evolution of galaxies. In 
FigurefTUb. we show the distribution of effective richness 
for all galaxies (log M* > 10.4) residing in groups that il- 
lustrates the scale of the zCOSMOS groups. In addition, 
the distribution of group mass (Fig. \Wb ) is given. Briefly, 
the group mass is the mean mass of halos in the mock cat- 
alog that are associated with groups of a specific effective 
richness (N e ff). A redshift dependency is inherent given 
that effective richness is based on an observed quantity 
(i.e., apparent magnitude). Full d etails regarding thes e 
derived properties can be found in IKnobel et~aTl (2009) . 
Considering a selection on effective richness, we find a 
similar fraction of galaxies hosting AGN as compared 
to the field with no obvious dependence on the effective 
richness (see Tabled of the group. Furthermore, there is 
no significant difference in the X-ray luminosity or host 
galaxy color (rest-fram e U — V) distributions of AGNs 
in or out of groups (see iGeorgakakis et al.ll2008l . for sim- 
ilar analyses). These results are in agreement with our 
previous findings based on the density field that AGNs 
in galaxies with M* > 10 10 4 M do not show a strong 
dependence on environment. 

To determine if any signs of evolution exist, we plot the 
fraction of group galaxies hosting AGN in two redshift 
bins (Figure fTTj). Here, we select groups having N e ff > 2 
as described above. The AGN fraction is remarkably 
similar between for galaxies in groups and in the field for 
both redshift intervals. The increase in the AGN fraction 
in the higher redshift bin for both the field and groups, 
is most likely due to the overall posi tive luminosity evo- 
lution of the AGN pop ulation (e.g.. iBarger et all 120051 : 
iSiiverman et al . 2008b). Therefore, we do not find an en- 
hancement in the AGN content o f groups with redshift 
as strong as reported for clusters (|Eastman et al.ll2~007h 
above the level expected by the AGN luminosity func- 
tion. As previously mentioned, we will improve upon 
the current sample, as justified by the substantial errors, 



in a future investigation by using the zCO SMOS 20k 
catal og and deeper Chandra observations (| Elvis et al.l 
2009) that provide additional AGNs of moderate lumi- 
nosity (42 < Lx < 43) over the redshift range 0.5-1.0. A 
larger sample will enable us to isolate high mass galaxies 
(M* > 10 11 M©) as done with the density field. 

5. CONCLUSION AND SUMMARY 

We have assessed whether the environment plays any 
role in regulating mass accretion onto SMBHs, on scales 
of a few megaparsecs, using 7234 galaxies (i aC s < 22.5; 
0.1 < z < 1.0) from the zCOSMOS survey ('Bright' pro- 
gram). To do so, a parent sample of 2457 galaxies is care- 
fully constructed based on stellar mass (log M* > 10.4) 
with no obvious color (U — V) bias. Galaxies undergo- 
ing substantial accretion onto a SMBH are identified by 
the presence of an AGN with X-ray emission detected 
by XMM-Afewton; we find 147 AGN with 101 residing 
in host galaxies having log M* > 10.4. With two char- 
acterizations of the local environment, we measure the 
fraction of galaxies as a function of their gal axy overden- 
sity ba sed on the zCOSMOS density field (|Kovac et al.1 
2009a ) and presenc e in optically-selected galaxy groups 
( Knobel et atll2009h . 

Based on the zCOSMOS density field, we find that 
the AGNs, with exception of those residing in the most 
massive host galaxies (log M» > 11), span a br oad 
range of environments (see IGeorgakakis et aTl I2007L for 
similar conclusions), from the field to massive groups, 
equivalent to galaxies of similar stellar mass. Our find- 
ings do appear to be consistent with low re dshift studies 
based on narrow- line AGN from the SPSS (IMiller et al l 
I2003t iKauffmann et al.l l2004t IConstantin et all l2008f) 
that taken together demonstrate that the environments 
depend on the stellar mass of their host galaxy. The 
lack of an environmental dependence on AGN activity 
over the lower mass regime (10.4 < log M* < 11) in 
zCOS MOS is compatible with the results of IMiller et al.l 
(2003) since their magnitude-limited sample, dominated 
by low luminosity AGN, most likely includes many lower 
mass galaxies. An environmental dependence with AGN 
activity less common in higher density regions emerges 
for 'strong AGN' resid i ng in galaxies of high er mass 
(|Kauffmann et all l2004t IConstantin et alj l2008f) and is 
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also evident in our study based on zCOSMOS galaxies 
with log M* > 11. We contend that the discrepant find- 
ings based on SDSS studies at low redshift may be due 
to the differences in the underlying mass distribution of 
galaxes rather than the differences of the AGN selection. 

We find that th e presence of young stars in the host 
galax i es of AGN ( Kauffma nn et "ail 120031 : iJahnke et al.l 
120041 ISilverman et alj 12009) is also indicative of their 
environments. Galaxies hosting AGN in zCOSMOS fol- 
low a similar color-dens ity relation to non-active galax- 
ies (|Cucciati et all 120091) with blue hosts (U -V < 1.6) 
having a lower mean overdensity than red galaxies. An 



equivalent relation based on SFR or that weighted by 
stellar mass (specific) supports th is assertion. As fully 
discussed in iCucciati et al.l (|2009fl . the sSFR is seen to 
be more strongly dependent on environment than SFR 
due to the underlying mass dependency discussed above. 
The majority of massive (log M* > 11) AGN hosts hav- 
ing colors bluer than the underyling galaxy population 
agrees with their residence in lower density environments. 
Therefore, we conclude that the incidence of AGN activ- 
ity as a function of environment depends on the proper- 
ties of its host galaxy namely its mass content both in 
the form of stars and gas in the interstellar medium. 

Furthermore, we carry out a complementary analysis 
of the environments of AGN by ut ilizing the optically- 
selected catalog of galaxy groups (|Knobel et al.1 120091) 
in zCOSMOS. Such groups have halo masses ~ 10 12 — 
10 14 M Q simi lar to those that ho s t the more luminous 
quasars (e.g.. iPorciani et al.|[200l iPasquali et "all 120081 : 
iBonoli et aLl f2008) and less massive than clusters at low 
redshift. We measure the incidence of AGN activity in 
galaxies in groups compared to that in the 'field'. This 
method effectively enables us to probe smaller physi- 
cal scales (< 1 Mpc) not possible with the density field 
due to the spatial resolution of ±1000 km s _1 along the 
line-of-sight. An excess signal around quasars, ba sed 
on either near-neighbor counts (ISerber et al.l l2006f) o r 
the quasar correlation function (jHennawi et al.l 12006). 
highlights the importance of probing scales ~ 100 kpc. 
Although, the enviro nments of 31 X-ray selected AGN 
(jWaskett et al.l l2005t ) with 0.4 < z < 0.6 fr om the 
Canada-France-Redshift Survey fields are indistinguish- 
able from a well-matched control sample of galaxies on 
scales around 30-500 kpc. 

We find in zCOSMOS that AGN are essentially equally 
likely to reside in or out of a galaxy group irrespective 
of its properties (i.e., effective richness). The fraction of 
group galaxies (log M* > 10.4) hosting an AGN is simi- 
lar to 'field' galaxies (~ 3%). This is in agreement with 
both our results based on the density field for galaxies 
spanning the full mass range log M* > 10.4, and those of 
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Gcorgaka kis et all (|2008f ) which consider the host galaxy 
properties. We note that the current AGN sample in 
zCOSMOS residing in galaxy groups is too small to in- 
vestigate if an environmental effect for the most massive 
galaxies exists as exercised using the density field. Our 
lack of a strong environmental effect is also consistent 
with the incidence of X-r ay selected AGN in galaxy clus- 
ters (jMartini et al.ll2007l ) as compared to the field. Also, 
an increase in the AGN fraction in the higher of two red- 
shift bins is significantly sma ller than the enhance ment 
reported for galaxy clusters (jEastman et alj [2007D and 
in our case most likely due to the luminosity evolution 
of the AGN population since both the group and field 
samples show an increase of equal magnitude. 

We conclude that internal processes 
(Hopk ins fc HernquistJ 120061 ) play an important role 
in the growth of SMBHs during an AGN phase of 
moderate-luminosity (Lx ~ 10 43 erg s _1 ; 'Seyfert 
mode') that accou nts for the bulk of the Cosmic X-ray 
B ackground (e.g., iGilli et all 120071 ) . Maj or mergers of 
galaxies, possibly relevant for the more luminous quasar 
phenomenon, may not be the primary mechanism for 
fueling these AGN due to the lack of any enhancement of 
activity in specific environments likely to be conducive 



for merging (i.e., galaxy overdensities comparable to the 
small group scale). In the opposite sense, we do find 
that for the most massive galaxies {log M* > 11) the en- 
vironment plays a role possibly through various physical 
processes (e.g., tidal stripping, harrassmcnt) in higher 
density environments that concurrently shuts down star 
formation and accretion onto supermassive black holes. 
This highlights the requirements for a galaxy to host 
an accreting SMBH, as observed by their X-rays, a 
mass i ve bulge (e.g.. [Sanchez et al.l l2004t iGrogin et al.l 
I2005t ISilverman et all l2008at iGabor et all 120081) and a 
sufficient fuel supply as indicated by the young stars 
usually present in AGN hos t galaxies (fKauffman n et al.l 
120031: ISilverman et alj[2009h . 



We thank the referee and Paul Martini for constructive 
comments that significantly improved the paper. This 
work is fully based on observations undertaken at the 
European Southern Observatory (ESO) Very Large Tele- 
scope (VLT) under the Large Program 175.A-0839 (P.I., 
Simon Lilly). 
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